Plasma lipid levels are risk factors for cardiovascular disease, a leading cause of death worldwide. While many studies have been conducted in genetic variation underlying lipid levels, they mainly comprise individuals of European ancestry and thus their transferability to non-European populations is unclear. We performed genome-wide (GWAS) and imputed transcriptome-wide association studies of four lipid traits in the Hispanic Community Health Study/Study of Latinos cohort (HCHS/SoL, n = 11,103), replicated top hits in the Multi-Ethnic Study of Atherosclerosis (MESA, n = 3,855), and compared the results to the larger, predominantly European ancestry meta-analysis by the Global Lipids Genetics Consortium (GLGC, n = 196,475). In our GWAS, we found significant SNP associations in regions within or near known lipid genes, but in our admixture mapping analysis, we did not find significant associations between local ancestry and lipid phenotypes. In the imputed transcriptome-wide association study in multiple tissues and in different ethnicities, we found 59 significant gene-tissue-phenotype associations (P < 3.61×10 −8 ) with 14 unique significant genes, many of which occurred across multiple phenotypes, tissues, and ethnicities and replicated in MESA (45/59) and in GLGC (44/59). These include well-studied lipid genes such as SORT1, CETP, and PSRC1, as well as genes that have been implicated in cardiovascular phenotypes, such as CCL22 and ICAM1. The majority (40/59) of significant associations colocalized with expression quantitative trait loci (eQTLs), indicating a possible mechanism of gene regulation in lipid level variation. To fully characterize the genetic architecture of lipid traits in diverse populations, larger studies in non-European ancestry populations are needed. Lipid levels are a major risk factor for cardiovascular disease, the leading cause of death 2 in the United States [1]. While lipid levels are known to have a highly heritable 3 component, lipid levels as a complex trait are increasingly concerning due to the 4 growing global rate of obesity caused by rapid urbanization and high-fat foods [2]. 5 Hispanic populations have been especially affected by this shift as Hispanic children and 6 2/34 adolescents have the highest rate of obesity among ethnicities in the United States [1, 3]. 7
Hispanic populations are mainly admixed between Native American, West African, and European populations, resulting in a genetically diverse and structured cohort under the umbrella term "Hispanic". Table 1 . Significant conditional and joint analysis SNPs with rare allele frequency in European populations.
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In the GWAS of HCHS/SoL, we found 29 independent associations between SNPs and 4 lipid traits in the joint analysis, including 2 SNPs with minor allele frequency < 0.01 in Europeans. bJ indicates the effect size and pJ represents the p-value, both from a joint analysis of all the SNPs at the significant loci. The SNPs included in this table have pJ < 5×10 −8 and EUR MAF < 0.01. Neither of these SNPs were present in our genotype data for MESA. Full results for all conditional and joint analyses are in S1 Table. Chr. BP Pheno. SNP bJ pJ GLGC P HCHS/SoL MAF EUR MAF Intronic gene 2 21199426 CHOL rs17041688 -0.114 4.8×10 −9 0.651 0.112 0.003 NA 19 19410750 CHOL rs117961479 -0.153 1.5×10 −9 0.740 0.060 0.003 SUGP1 Percent variance explained (PVE) by all genotypes as calculated in GEMMA for each 67 phenotype were similar to those previously observed [25, 26] . These values are CHOL: 68 0.269 ± 0.029, HDL: 0.180 ± 0.031, TRIG: 0.135 ± 0.030, and LDL: 0.278 ± 0.030. 69 5/34Figure 2 . Conditional association of rs117961479 with CHOL in HCHS/SoL. Conditional and joint analysis (COJO) [21] of the HCHS/SoL CHOL GWAS results revealed a genome-wide significant signal for rs117961479 (pJ = 1.5×10 −9 ). Plotted pvalues for other SNPs in the region are from a conditional GWAS where the rs117961479 genotype was used as a covariate. The color of each dot represents the SNP's linkage disequilibrium (LD) r 2 with the labeled SNP in the 1000 Genomes American populations. Many nearby SNPs within or near SUGP1 and MAU2 are in high LD with rs117961479. These conditional results indicate one signal in this region, which was plotted with LocusZoom [24] . Table 2) , which is consistent with previous studies of CETP [35] .
Though most of the results were from the 44 predominantly European GTEx tissue 120 models, we also had significant PrediXcan results using the five MESA monocyte Table 2 . Significant PrediXcan associations in HCHS/SoL and replication in MESA and GLGC. We performed PrediXcan for four lipid phenotypes in HCHS/SoL using GTEx and MESA monocyte gene expression prediction models [12] [13] [14] . In total, there are 14 unique genes across 59 significant gene-tissue-phenotype associations. MESA population abbreviations: African-American (AFA), European (CAU), Hispanic (HIS), AFA and HIS (AFHI), and all populations combined (ALL). in lipid metabolism as extensively studied previously [15, 37] . 161 We found differences in colocalization probabilities between the MESA models of 162 different ethnicities. This is most prevalent in the CETP model, a known driver of 163 cholesterol metabolism, where only the models including Hispanic genotypes had P4 > 164 0.99, while the CAU model displayed independent GWAS and eQTL signals ( Table 3) . 165
This is likely due to the shared LD patterns in the Hispanic eQTL and GWAS cohorts 166 (Fig 4) . SNPs included in the MESA HIS and MESA CAU PrediXcan models for CETP 167 are different because elastic net variable selection, which was used to generate the model 168 in each population [14] , is partially dependent on correlation among variables, i.e. LD. 169
Thus, since the LD pattern of HCHS more closely resembles HIS than CAU and because 170 linked SNPs in HCHS and HIS were most significantly associated with HDL and CETP 171 expression, respectively, the colocalization probability is much higher in the HIS model 172 than the CAU model (Fig 4, Table 3 ). replicable associations found [9] , similar to our SNP-level findings. We acknowledge our 179 GWAS findings were limited due to our restriction to SNPs present in PrediXcan 180 models, which were derived from predominantly European cohorts. However, with Imputed-transcriptome based association methods like PrediXcan offer benefits over 188 SNP-level GWAS in producing actionable results [11] . Running PrediXcan across GTEx 189 12/34 models can implicate particular tissues in a phenotype. Here, we find the most (8/59) 190 significant associations with the GTEx liver models compared to other tissue models, 191 which is encouraging as the liver is key in cholesterol synthesis and metabolism ( [37] . PrediXcan results include a direction of effect, and many of our results had 193 the same direction of effect as in vivo observations in humans and mice [35, 40] . For 194 example, we found increased expression of PSRC1 is significantly associated with lower 195 CHOL and LDL in multiple tissues and ethnicities. The same relationship has been 196 previously observed in the cholesterol metabolism of mice and in the measured gene 197 expression in an Indian population [41, 42] . Our CETP results indicated that higher 198 CETP expression is associated with lower HDL levels, which has been previously 199 observed extensively within humans and has become a potential drug target for 200 preventing atherosclerosis [35, [43] [44] [45] [46] . Directions of effect revealed by PrediXcan can 201 help elucidate genetic pathways of metabolism or potential drug targets [11] .
202
Our significance threshold was stringent because we used the Bonferroni correction 203 over all associations, but many of the eQTLs between genes and tissues, especially 204 related tissues, are the same or in linkage disequilibrium [31] . PSRC1 and SORT1 are 205 linked and were both highly significant in our analyses. Knowing liver is the key tissue 206 involved in lipid metabolism may help us prioritize the slightly more significant SORT1 207 liver association over PSRC1, even though PSRC1 associations were more significant in 208 9 other tissues (Table 3 ). However, because liver expression between the genes is highly 209 correlated (Pearson R=0.75) [47] , conditional analyses cannot help us distinguish 210 between one or both genes contributing to lipid metabolism. In one functional study, 211 overexpression and knockdown of Sort1 in mice altered cholesterol levels, while 212 perturbation of Psrc1 did not [48] , suggesting SORT1 is the more likely causal gene [47] . 213
However, subsequent functional studies also implicate PSRC1 in cholesterol transport in 214 apoE -/mice [41] . Thus, additional evidence is often necessary to identify the most 215 likely causal gene or genes, due to potential confounding PrediXcan results from linkage 216 and co-regulation of gene expression [47] . 217 We found numerous significant gene associations with lipid traits that displayed 218 colocalization with eQTL signals and replication with GLGC (Tables 2 and 3 ). These 219 include CELSR2, PSRC1, SORT1, GSTM1, APOB, LIPC, CETP, NLRC5, CCL22, 220 ICAM1, TIMM29, DOCK6, ZNF234. Of these genes, CELSR2, PSRC1, GSTM1,
SORT1, APOB, LIPC, CETP, and DOCK6, which all have been extensively implicated 222 and studied in the processes of lipid metabolism in humans [5, [49] [50] [51] [52] . Other genes 223 within this set are located near these well-studied genes, such as NLRC5, which is 5,645 224 bp downstream from CETP. Here, we describe the current implications of genes that 225 are greater than 100 kb away from the closest significant gene or previously observed 226 known lipid gene (Table 3) .
227
Increased CCL22 predicted expression significantly associated with lower HDL levels, 228
showed evidence of colocalization, and the gene is located 375 kb downstream from 229 CETP ( Tables 2 and 3 ). It is involved in immunoregulatory and inflammatory processes, 230
and variants within it have been implicated in multiple sclerosis and lupus [53, 54] . Apoe 231 knockout mice with a high cholesterol diet were found to have significantly higher 232 CCL22 serum levels than similar mice on a regular diet, contributing to the progression 233 of atherosclerosis [55] . A separate study in humans from the same group found 234 increased CCL22 abundance associated with ischemic heart disease progression [56] .
235
These observations correlate with our observed association of higher predicted CCL22 236 expression with lower HDL levels, as higher amounts of HDL might protect against 237 atherosclerosis [57] .
238
Increased ICAM1 predicted expression is significantly associated with lower HDL 239 levels, it showed evidence of colocalization, and it is located 803 kb upstream of LDLR, 240 a prominent lipid gene. It produces ICAM-1, an intercellular adhesion molecule. In male 241 rats, a high cholesterol diet was found to significantly influence ICAM-1 molecule levels 242 in the aorta, signifying a correlation between a cholesterol diet and ICAM-1 expression, 243
and ICAM-1 molecule levels were negatively correlated with baseline HDL levels [58] . 244 Another study found that HDL suppresses expression of ICAM1 through transfer of 245 microRNA-223 to endothelial cells, which correlated with our observed association [59] . 246
Increased GSTM1 predicted expression is significantly associated with lower CHOL 247 and LDL levels and is located 378 kb downstream from SORT1 ( Table 2) . A study in 248 north India found no significant difference in any lipid phenotype between individuals 249 with GSTM1 (-) and GSTM1 (+), but did find that the GSTM1 (-) genotype had a 250 2-fold increased risk of developing coronary artery disease in the cohort [60] . This gene 251 has also been studied for association with atherosclerosis, and frequency of 252 atherosclerosis in a GSTM1 polymorphic group were found to be 1.2 times higher than 253 14/34 those in the control group in a study from a Brazilian cohort [61] .
In many studies, participants are asked to self-identify under a given label, such as 255 the four race/ethnicity classifications used in MESA: "White, Caucasian", "Chinese 256 American", "Black, African-American", and "Hispanic". These self-identifications are 257 often not indicative of genetic ancestry, especially in admixed populations such as 258 African-Americans and Hispanics due to a complex population history [32] . For 259 example, even within self-identified regions in Latin America, populations can be 260 heavily stratified (Fig 1 and S1 Fig) . Our group recently created the first multi-ethnic 261 transcriptomic prediction models for PrediXcan and observed that predictive 262 performance was improved in cohorts of similar ancestry [14] . In our current analysis, 263 we found PSRC1 and CETP to be significantly associated with multiple phenotypes in 264 MESA models, and these genes have been previously extensively studied in association 265 with lipids [49] . The majority of HCHS/SoL results replicated in both GLGC and 266 MESA even though there is a 50-fold difference in sample size ( Table 2) . Asians, European-admixed, and African subpopulations and suggested that the driving 280 force behind the discovery of an eQTL in one population but not another is mainly due 281 to allele frequency differences and not due to differences in absolute effect size [64] .
282
Indeed, we recently showed differences in gene expression predictive performance are 283 due to allele frequency differences between populations [14] . In MESA, we also showed 284 that genetic correlation (rG) of eQTLs depends on shared ancestry proportions, ranging 285 15/34 from rG=0.46 between AFA and CAU to rG=0.62 between HIS and CAU [14] . analyses here and we continue to seek larger and more diverse gene expression data to 290 improve inclusion of population-specific effects.
291
Another recent study showed that incorporating the use of local ancestry can 292 improve eQTL mapping and gene expression prediction [65] . There is a dearth of diversity of genetic studies that greatly impacts the ability to 308 apply the results of genetic studies to non-European populations. With many 309 biobank-sized resources only including European data, this gap continues to grow [6] .
310
Without data collection and proper models for non-European populations, there is less 311 potential for accurate implementation of precision medicine. To fully characterize the 312 impact of genetic variation between and within populations and allow all individuals to 313 benefit from biomedical research, we must expand genetic studies to include individuals 314 of diverse ancestries.
Materials and Methods
This work was approved by the Loyola University Chicago Institutional Review Board 317 (project number 2014).
318
Phenotypic and genomic data 319 The analyses in HCHS/SoL and MESA were performed with whole genome genotypes 320 from the database of Genotypes and Phenotypes (Table 4 ) [67] . The HCHS/SoL cohort 321 is composed of self-identified Hispanic adults recruited from four urban centers 322 in the US: Chicago, IL; Miami, FL; the Bronx, NY; and San Diego, CA, using a 323 previously described household-based sampling technique with written consent of the 324 individual in their preferred language with data subsequently de-identified [7] . Within 325 the collected lipid phenotypes, we rank-normalized CHOL, HDL, TRIG, and LDL to 326 correct the skewing in the raw data. The majority of participants reported a MESA individuals include those that self-identified as "Black, African-American" (AFA, 336 n = 613), "White, Caucasian" (CAU = 2,243), and "Hispanic" (HIS, n = 999). Cohorts 337 underwent quality control and imputation as previously performed by our group [14] . 
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Supporting information S1 Table. HCHS/SoL GCTA-COJO results for independent GWAS loci across all lipid phenotypes.
S2 Table. Top 1000 SNPs with most significant P values for admixture mapping. 
